Here we report a 2.3-Å crystal structure of scallop myosin S1 complexed with ADP⅐BeF x, as well as three additional structures (at 2.8 -3.8 Å resolution) for this S1 complexed with ATP analogs, some of which are cross-linked by para-phenyl dimaleimide, a short intramolecular cross-linker. In all cases, the complexes are characterized by an unwound SH1 helix first seen in an unusual 2.5-Å scallop myosin-MgADP structure and described as corresponding to a previously unrecognized actin-detached internally uncoupled state. The unwinding of the SH1 helix effectively uncouples the converter͞lever arm module from the motor and allows crosslinking by para-phenyl dimaleimide, which has been shown to occur only in weak actin-binding states of the molecule. Mutations near the metastable SH1 helix that disable the motor can be accounted for by viewing this structural element as a clutch controlling the transmission of torque to the lever arm. We have also determined a 3.2-Å nucleotide-free structure of scallop myosin S1, which suggests that in the near-rigor state there are two conformations in the switch I loop, depending on whether nucleotide is present. Analysis of the subdomain motions in the weak actin-binding states revealed by x-ray crystallography, together with recent electron microscopic results, clarify the mechanical roles of the parts of the motor in the course of the contractile cycle and suggest how strong binding to actin triggers both the power stroke and product release. T he myosin head (subfragment one, or S1) consists of a motor domain (MD) and a lever arm that amplifies small conformational changes of the motor (Fig. 1) . The MD comprises four subdomains (the 50-kDa upper and lower subdomains, the N-terminal subdomain, and the converter) linked by three flexible single-stranded joints (switch II, the relay, and the so-called SH1 helix). Motor function results from coupled rigid body rearrangements of the subdomains coordinated with conformational changes in the joints (1, 2). During the acto-myosin contractile cycle (3-5), the MD undergoes a number of conformational changes as the myosin head transduces ATP hydrolysis into mechanical work. The affinity of myosin for actin in the cycle is often described in terms of ''strong'' and ''weak'' actin-binding states. Myosin crystal structures have thus far been obtained only in the absence of actin, and three conformations have been identified, but their place in the contractile cycle has been controversial (6). The first or near-rigor conformation (7), was obtained in the absence of nucleotide, and, because the lever arm orientation was similar to that observed in electron microscopy (EM) images of actomyosin in the rigor state, this conformation was thought to be similar to a true rigor (i.e., strong actin-binding, nucleotide-free) state. More recent studies (8, 9) have shown, however, that this conformation corresponds to a weak actin-binding state occurring shortly after myosin detaches from actin, and that this state can bind to but cannot hydrolyze ATP. In this state, switch II is in an extended conformation that does not interact with the nucleotide-binding site. The second, or pre-power stroke conformation, has a primed lever arm (i.e., approximately perpendicular to the actin filament) (2, 10-12). In this conformation, switch II is bent and has moved in to interact with the nucleotide-binding pocket, leading to the enzymatic transition state (ADP⅐P i ) of the nucleotide (2, 10, 11, 13). Switch II also forms a specific salt bridge and hydrogen bond interactions with switch I that stabilize the pre-power stroke state (12). In both conformations, the so-called SH1 helix is intact and separates two reactive cysteine sulfhydryls, SH1 and SH2 (14), by more than 18 Å. These myosin crystal structures could not account, however, for the biochemical observations (15-17) that relatively short cross-linkers such as para-phenyl dimaleimide (p-PDM, Ϸ12 Å) interact with the two groups. Recently, an unusual conformation of scallop myosin S1 complexed with MgADP has been visualized (1) in which the SH1 helix is unwound, providing an explanation for how crosslinking can occur. In that work, it was shown that a small conformational change in the switch II loop (a catalytic loop of the nucleotide-binding pocket) produces rearrangements of the subdomains in the motor that destabilize the SH1 helix. The unwound SH1 helix, in turn, effectively uncouples the converter͞ lever arm module from the motor. Based on these and other findings, this third conformation has been interpreted as an ''actin-detached internally uncoupled state'' that binds ATP in the contractile cycle (note that this state has been called ''detached,'' refs. 1 and 2).
T
he myosin head (subfragment one, or S1) consists of a motor domain (MD) and a lever arm that amplifies small conformational changes of the motor (Fig. 1) . The MD comprises four subdomains (the 50-kDa upper and lower subdomains, the N-terminal subdomain, and the converter) linked by three flexible single-stranded joints (switch II, the relay, and the so-called SH1 helix). Motor function results from coupled rigid body rearrangements of the subdomains coordinated with conformational changes in the joints (1, 2) . During the acto-myosin contractile cycle (3) (4) (5) , the MD undergoes a number of conformational changes as the myosin head transduces ATP hydrolysis into mechanical work. The affinity of myosin for actin in the cycle is often described in terms of ''strong'' and ''weak'' actin-binding states. Myosin crystal structures have thus far been obtained only in the absence of actin, and three conformations have been identified, but their place in the contractile cycle has been controversial (6) . The first or near-rigor conformation (7) , was obtained in the absence of nucleotide, and, because the lever arm orientation was similar to that observed in electron microscopy (EM) images of actomyosin in the rigor state, this conformation was thought to be similar to a true rigor (i.e., strong actin-binding, nucleotide-free) state. More recent studies (8, 9) have shown, however, that this conformation corresponds to a weak actin-binding state occurring shortly after myosin detaches from actin, and that this state can bind to but cannot hydrolyze ATP. In this state, switch II is in an extended conformation that does not interact with the nucleotide-binding site. The second, or pre-power stroke conformation, has a primed lever arm (i.e., approximately perpendicular to the actin filament) (2, (10) (11) (12) . In this conformation, switch II is bent and has moved in to interact with the nucleotide-binding pocket, leading to the enzymatic transition state (ADP⅐P i ) of the nucleotide (2, 10, 11, 13) . Switch II also forms a specific salt bridge and hydrogen bond interactions with switch I that stabilize the pre-power stroke state (12) . In both conformations, the so-called SH1 helix is intact and separates two reactive cysteine sulfhydryls, SH1 and SH2 (14) , by more than 18 Å. These myosin crystal structures could not account, however, for the biochemical observations (15) (16) (17) that relatively short cross-linkers such as para-phenyl dimaleimide (p-PDM, Ϸ12 Å) interact with the two groups. Recently, an unusual conformation of scallop myosin S1 complexed with MgADP has been visualized (1) in which the SH1 helix is unwound, providing an explanation for how crosslinking can occur. In that work, it was shown that a small conformational change in the switch II loop (a catalytic loop of the nucleotide-binding pocket) produces rearrangements of the subdomains in the motor that destabilize the SH1 helix. The unwound SH1 helix, in turn, effectively uncouples the converter͞ lever arm module from the motor. Based on these and other findings, this third conformation has been interpreted as an ''actin-detached internally uncoupled state'' that binds ATP in the contractile cycle (note that this state has been called ''detached,'' refs. 1 and 2).
Here we extend the previous S1-MgADP study by determining a 2.3-Å internally uncoupled state structure of scallop S1 complexed with ADP⅐BeF x , an ATP analog. This structure allows us to visualize ATP ␥-phosphate interactions in the nucleotidebinding pocket. We have also determined three lower resolution (2.8-3.8 Å) structures of internally uncoupled scallop S1 complexed with ATP analogs [adenosine 5Ј-[␤,␥-imido]triphosphate (AMPPNP) or adenosine 5Ј-[␥-thio]triphosphate (ATP[␥-S])] or ADP. The S1-ADP and S1-ATP[␥-S] structures contain an intramolecular cross-link by p-PDM. In addition, we have determined a 3.2-Å nucleotide-free structure of scallop S1 in the near-rigor state, which suggests a conformational change in switch I (a second catalytic loop of the nucleotide-binding pocket), clarifying the relationship between the near-rigor and internally uncoupled conformations. The results also include an analysis of certain mutations near the SH1 helix that, together with other crystallographic and EM evidence, provide information on the mechanical roles of various structural elements in the myosin head. Methods S1 from scallop (Argopecten irradians) striated muscle myosin was prepared as described (1) and was complexed with either ADP⅐BeFx, AMPPNP, ATP[␥-S], ADP, or made nucleotide free. S1-ADP and S1-ATP[␥-S] (3 mg͞ml) each were crosslinked by a 2-min treatment with 0.5 mM nucleotide and 20 mM p-PDM at 20°C. Crystals were grown by vapor diffusion at 4°C. All structures were determined by molecular replacement techniques, followed by model building and refinement (see Table 1 for crystallographic statistics). Additional details of protein preparation and crystallographic methods are published as supporting information on the PNAS web site, www.pnas.org.
Results and Discussion
Comparison of Structures. All four nucleotide-containing structures (S1-ADP⅐BeF x , S1-AMPPNP, S1-ATP[␥-S]-p-PDM, S1-ADP-p-PDM) reveal the same overall internally uncoupled conformation as scallop S1-MgADP (1); these include an unwound SH1 helix, an extended switch II loop, a constrained switch I conformation (see below), and similar orientations of the lever arm. Within each subdomain of the MD, little or no change in conformation is detected. The positions of the Nterminal and 50-kDa upper subdomains ( Fig. 1 ) are well conserved in all myosin S1 crystal structures. When these subdomains are superimposed, the four nucleotide-containing structures are very similar to the scallop S1-MgADP structure in the MD, producing ␣-carbon root mean square deviations of less than 1.3 Å. The lever arm ␣-carbons of these structures diverge, however, from those of S1-MgADP by as much as 3.3 Å, possibly as a result of crystal packing or because the unwinding of the SH1 helix reduces the constraints on the orientation of the converter͞lever arm module. The converter͞lever arm orientation is normally constrained chiefly by connection to the SH1 helix and contacts with the flexible relay joint (see Fig. 1 
and ref. 1).
In the active site of all four internally uncoupled structures, electron density for the nucleotide is prominent (Fig. 2) . In the case of S1-ADP⅐BeF x , the resolution is high enough to locate the phosphate oxygens and the fluorides (where BeF x is an analog for the ␥-phosphate). In the other structures, the low resolution precludes this identification. Nevertheless, the ␥-phosphate sulfur of ATP[␥-S] has strong density in the S1-ATP[␥-S]-p-PDM structure. Moreover, a strong electron density bulge in all four structures identifies the position of the Mg 2ϩ atom, which is critical for activating ATP hydrolysis. In all of these weak actin-binding states, the Mg 2ϩ cation is coordinated by several oxygen ligands, including one from the nucleotide ␤-phosphate, one from the ␥-phosphate, as well as the hydroxyls of switch I residue S241 and P loop residue T183 (13) . As in the near-rigor conformation (8, 9) , ATP hydrolysis cannot occur in the internally uncoupled conformation because switch II is positioned away from the nucleotide pocket, in an extended conformation. The near-rigor and internally uncoupled conformations differ mainly as a result of small twists about three residues of the switch II loop in the internally uncoupled state (scallop residues I461 through G463; ref. 1). Nevertheless, the active sites of the scallop S1-ADP⅐BeF x structure and a Dictyostelium discoideum near-rigor myosin-ATP structure (8) are nearly identical. In particular, the interactions between the nucleotide phosphates, Mg 2ϩ atom, the P loop and switch I loop are conserved. These results suggest that the near-rigor nucleotide-containing and internally uncoupled conformations are enzymatically very similar, despite large conformational differences in the positions of the 50-kDa lower subdomain and the converter͞lever arm module.
The nucleotide-free S1 structure crystallizes in the near-rigor conformation previously reported in chicken skeletal S1 (7) and at lower resolution in scallop (2), as well as in D. discoideum truncated myosin MD structures (8, 9, (11) (12) (13) . This structure is not expected to occur in the contractile cycle, but, as we show below, small differences between this and the nucleotidecontaining near-rigor structures give insights into the conformation of acto-myosin in the true rigor state. This structure differs from the internally uncoupled state by an ␣-carbon root mean square difference of more than 6 Å in the MD and more than 60 Å in the lever arm, due for the most part to rotation of the converter͞lever arm module and the 50-kDa lower subdomain. The motor domains of the scallop and all other near-rigor structures superimpose closely except for the exact position of the 50-kDa upper and lower subdomains with respect to the N-terminal subdomain (see next section). All of these near-rigor structures are characterized by an intact SH1 helix, and the lever arm, when present, assumes a very different orientation than that of the internally uncoupled state (1, 2, 7) (Fig. 1) .
We have previously interpreted the internally uncoupled conformation as an ATP state, though the original structure contained ADP in the nucleotide-binding site (1), but this interpretation was controversial (18) . The current visualization of ATP analogs in the nucleotide-binding pocket might be considered to confirm our original view. Moreover, because cross-linking by p-PDM identifies the internally uncoupled S1-ATP conformation as a weak actin-binding state (see below), it is likely that this conformation occurs in the contractile cycle as the second ATP state (M*-ATP, see Fig. 3B ), which Bagshaw and Trentham (19) predicted from biochemical kinetic studies. It has been established, however, that the nucleotide-binding pocket is fairly promiscuous and can accommodate either ADP or ATP in both near-rigor and internally uncoupled states (as reported here and in refs. 1, 8, and 9). By contrast, note that in the absence of nucleotide, only the near-rigor conformation is obtained (2, 7, 8) . These results suggest that the binding of ATP analogs or ADP establishes an equilibrium in the absence of actin in which switch II changes conformation to sample both the near-rigor and internally uncoupled states.
Switch I in the Near-Rigor Nucleotide-Free and Internally Uncoupled
Conformations. Although the nucleotide-free scallop S1 structure (in the near-rigor conformation) is determined at a relatively low resolution (3.2 Å), we have been able to identify a small nucleotide-dependent conformational change in the switch I loop that may bias this equilibrium (Fig. 3) . The electron density map indicates that the switch I loop becomes somewhat disordered in this near-rigor nucleotide-free state, and that its most probable conformation appears to differ from that observed in any nucleotide-containing structure, including Dictyostelium (8, 9, 11-13), chicken (7, 10) , and scallop (1, 2). We have modeled this change as a bending of part of the switch I loop by Ϸ2.5 Å. The bending could be driven by a Ϸ180°rotation (''flip'') of residue N238 made possible by the absence of nucleotide interactions with residue N237. However, we cannot see density beyond the ␤-carbon of N238, so that side chain interactions are uncertain. This conformational change of switch I in the scallop S1 is similar in magnitude to that observed in part of the switch I loop of Ras-p21 upon GTP hydrolysis (20) . In Ras, however, this flip is centered about a residue equivalent to S241 (a Mg 2ϩ ligand), not N238, which does not appear to be a Mg 2ϩ ligand. Because of the low resolution of the structure, the position of the Overview of the internally uncoupled scallop S1 conformation. (A) (Center) The internally uncoupled S1-ADP⅐BeF x structure (50-kDa upper subdomain is shown in red, 50-kDa lower subdomain is shown in pink, Nterminal subdomain is shown in blue, converter is shown in green, lever arm heavy chain is shown in purple, essential light chain is shown in cyan, regulatory light chain is shown in magenta). Notable features of the structure include the unusual position of the lever arm and the unwound SH1 helix. Three other scallop structures (S1-AMPPNP, S1-ATP[␥-S]-p-PDM, and S1-ADPp-PDM), as well as the previously reported scallop S1-MgADP (1), show the same conformation, although the orientations of the respective lever arms vary slightly. Mg 2ϩ ion could only be tentatively determined on the basis of optimal coordination distances. Our observations on the structure of switch I in scallop S1 indicate that this loop is less constrained in the nucleotide-free than in the nucleotidecontaining structures. In all nucleotide-containing structures, switch I is constrained by hydrogen bonds that N237 forms with the ␣-and (when present) ␥-phosphates (1, 2, 7-13). The flexibility of switch I permitted in the nucleotide-free structure may be related to a small rigid-body rotation (Ϸ5°) of the 50-kDa upper and lower subdomains (counterclockwise when the molecule is viewed as in Fig. 1 ). This movement is centered about switch I and the preceding ␤-hairpin and is best seen when the N-terminal subdomains of near-rigor structures are superimposed. The small rotation would increase the frequency with which transient stabilizing contacts are made between the SH1 helix and the helical portion of the relay. As a result, the equilibrium would favor the near-rigor conformation in the absence of nucleotide (Fig. 3B) . On the basis of this argument, it appears that switch I senses the content of the nucleotidebinding pocket and indirectly influences the stability of the SH1 helix. This interpretation also suggests why SH1-SH2 crosslinking by p-PDM proceeds very slowly in the absence of nucleotide (17) . The rigid-body rotation of the 50-kDa upper subdomain in the nucleotide-free near-rigor structure also widens the so-called ''front door'' (21) to the nucleotide-binding site by Ϸ2 Å. If this rotation were to continue, it would eventually close the actin-binding portion of the cleft, and there are indications from EM studies (ref. 22 ; see also K. Holmes, available at www.mpimf-heidelberg.mpg.de͞ϳholmes͞muscle͞ weakstrong.html) and fluorescence studies (23) that this change occurs when myosin binds strongly to actin. We note that a similar rigid-body movement can be observed in the 2.8-Å chicken skeletal nucleotide-free near-rigor S1 structure (7), albeit without bending in switch I, but this movement is less pronounced than in scallop S1 and has not previously been reported. Nevertheless, this rotation would not be possible if switch I were constrained by specific interactions with a nucleotide.
The Cross-Linker. The crystal structures of scallop S1 with p-PDM provide the first visualization of the thiol cross-link in the myosin head. We find that the cross-link in scallop S1 is unusual: one of the rings of p-PDM opens and cross-links SH2 to the side chain of K705, not to SH1 as expected (Fig. 4) . Early biochemical studies with skeletal muscle myosin have identified the crosslinked residues as SH1 and SH2 (24, 25) . A more recent study indicates that the SH2 group in scallop S1 appears to be the site of the first reaction with p-PDM, in contrast to the cross-linking properties of skeletal muscle isoforms, where SH1 is more reactive than SH2 (Nitao and Reisler, personal communication). We find that in both the scallop S1-ADP-p-PDM and S1-ATP[␥-S]-p-PDM structures, SH1 does not participate in the crosslinking. It has been reported that in actin at high pH, p-PDM also cross-links a cysteine sulfhydryl to a lysine residue (26) .
The ability to cross-link S1-ADP with p-PDM is also an indication of the physiological state of the myosin head. Although S1-ADP is reported as a strong actin-binding state in the acto-myosin cycle (3, 4), rabbit skeletal acto-S1 cannot be cross-linked by p-PDM (17) . Moreover, rabbit skeletal S1-ADPp-PDM, like S1-ATP, has a lower affinity for the actin filament (F actin) than unmodified S1-ADP (27, 28) . The affinity of scallop S1 for actin is also significantly reduced by cross-linking with p-PDM (unpublished results). These findings indicate that this intramolecular cross-link occurs only in an actin-detached form of S1-ADP. (A) Shown is a composite of four difference Fourier (F o Ϫ Fc) electron density omit maps of switch I and the surrounding region of the nucleotide-binding site of the nucleotide-free near-rigor structure. Each map was generated by torsional simulated-annealing in which atoms were omitted either for a segment of switch I (residues N235 to R242), the Mg 2ϩ ion and a water molecule, a sulfate ion, or part of the P loop (residues A180 to T183). The maps are contoured at the 3.5 level. Superimposed on the maps is the proposed conformational change of switch I in the transition from the nucleotide-free to the nucleotide-bound (ATP and its analogs, or ADP) states. The P loop of the scallop near-rigor and S1-ADP⅐BeF x structures are superimposed. The ''empty'' nucleotide-binding site of the near-rigor conformation is shown in color (switch I in red, P loop in blue, Mg 2ϩ ion in green, with a sulfate ion occupying the ␤-phosphate position). In gray is the same site in the internally uncoupled scallop S1-ADP⅐BeF x structure (nucleotide not shown), which shows the conformation of switch I seen in all nucleotide-containing myosin crystal structures. When nucleotide is present in the binding site, it appears to displace part of switch I, most notably residue N238. The internally uncoupled state is initiated by small changes in the switch II loop (not shown, see ref.
1). (B) The equilibrium equation (in vitro)
between the empty and nucleotide-containing near-rigor myosin structures, leading to the internally uncoupled state. Shown also are the steps at which switches I and II change. An asterisk is assigned to the internally uncoupled ATP state (right) to indicate that this conformation may correspond to the second ATP state predicted in biochemical kinetics studies (19) . The near-rigor nucleotide-free state (left) is not likely to be part of the in vivo acto-myosin contractile cycle. Fig. 4 . Electron density for the cross-linker. Shown is the simulated annealing F o Ϫ Fc omit map for the electron density of p-PDM together with the cross-linker modeled into the structure of S1-ADP-p-PDM. To generate this map, contoured at the 3.0 level, residues C693 and K705 were omitted along with the p-PDM model. The SH1 helix is disordered, including the SH1 sulfhydryl (C703). Biochemical studies with rabbit muscle myosin have indicated that this thiol can be cross-linked to the SH2 sulfhydryl (C693) by p-PDM (15, 24, 25) . However, this map reveals that, in scallop S1, p-PDM cross-links the SH2 sulfhydryl to the side chain of K705, instead of SH1. The scallop S1-ATP[␥-S]-p-PDM structure gives the same result.
Mutations Near the SH1 Helix. A number of mutations near the SH1 helix indicate the importance of this element in the functioning of the motor. Mutations R702C (R701 in scallop) and N93K (N95 in scallop) in human nonmuscle myosin IIA (NMIIA) substantially reduce both actin-activation of the MgATPase and the motility velocity ( ¶ and J. Sellers, personal communication). Crystal structures of various myosin isoforms (e.g., PDB ID codes 2MYS, 1BR1, and 1KK7) show that R702C breaks side chain hydrogen bonds that help stabilize the last turn of the SH1 helix, immediately before the G707 pivot (scallop G706, Fig. 5 ).
(Note that in most isoforms, two glycine residues, one on each side of the SH1 helix, have been pictured as pivots for the rotation of the converter; refs. 10, 29, and 30.) Similarly, N93K breaks a hydrogen bond that helps stabilize the first turn of N-terminal subdomain helix C. The two residues flanking this asparagine form van der Waals contacts and hydrogen bonds that help to stabilize the SH1 helix and position it correctly about the G695 pivot (scallop numbering). Weakening these interactions may cause the SH1 helix to wobble on the G695 pivot, which, along with increased flexibility of the helix, would dislocate the G706 pivot as well. This mutation affects the entire SH1 helix and, correspondingly, it inhibits myosin activity more completely than R702C. (Note that the residue in chicken skeletal myosin equivalent to N93 is a histidine, which is more firmly anchored than the asparagine by extensive van der Waals and hydrogen bond contacts with nearby residues. It is therefore possible that the SH1 helix in chicken skeletal myosin is more stable than its counterpart in either human NMIIA, chicken smooth, or scallop myosins.) The mutations described above demonstrate that the stability of the SH1 helix and the glycine pivots is vital to the proper functioning of the motor.
Mechanical Implications. This analysis prompts us to consider the possible mechanical roles played by different structural elements of the motor, based on a lever arm model and independent of the precise physiological pre-and post-power stroke conformations. Specific aspects of the motor's mechanism may be illustrated by different (albeit imperfect) mechanical analogues, one of which is the automobile engine. The 50-kDa lower subdomain has been described as functioning like a piston in the motor (31), but it seems more appropriate to assign that role to the switch II loop, which moves in and out of the nucleotide-binding pocket during enzymatic activity. Small conformational changes in switch II are converted into rotational motion by the 50-kDa lower subdomain. The relay (on one end of this subdomain; refs. 1 and 10), the converter, and the SH1 helix may be pictured as the transmission of the myosin motor (Fig. 5) . The relay delivers torque from the switch II loop to the converter. In addition, this relay helix bends about a hinge near its center during the pre-power stroke conformation, allowing the 50 kDa subdomain to approach closely to the N-terminal subdomain. The converter moves about this hinge while simultaneously rotating about two pivots (G695 and G706), located on either side of the SH1 helix (10, 29, 30 ). The precise locations of the glycine pivots, which may differ in different isoforms, are important in determining both the range of motion of the converter and the conserved contacts it can make with the relay. In the final stage of torque transmission, the converter directs the rotational motion of the lever arm (1, 10) .
The internally uncoupled conformation demonstrates a second role for the SH1 helix, in addition to controlling the location of the glycine pivots. When the SH1 helix unwinds, it effectively disengages the converter͞lever arm module from the motor; i.e., although the module remains associated with the relay, torque cannot be transmitted from the motor to the converter because the relay is a flexible joint. At this stage of the contractile cycle, myosin-ATP is in equilibrium with nucleotide-free myosin (32) . If the SH1 helix did not disengage the motor to produce the internally uncoupled state, rapid but transient reattachment of the head to actin might introduce an unproductive impedance to the sliding of the actin filament. Moreover, the greater freedom of motion for the converter͞lever arm module resulting from the unwound SH1 helix may help facilitate the transition to the pre-power stroke conformation. The SH1 helix can therefore be described as a kind of clutch that controls coupling between the ¶ Hu, A., Wang, (Upper Inset) a mechanical representation of the motor's ''transmission,'' illustrated to highlight the roles of various components. Switch II functions like a piston by delivering work from the enzyme (''ATPase'') to the 50-kDa lower subdomain, which converts this work to rotational motion, roughly comparable to the role of a crank shaft. During the transition from the near-rigor to the pre-power stroke conformation (with the lever arm moving from ''down'' to ''up''), the rotation of the 50-kDa lower subdomain can be divided into two roughly perpendicular vector components (red and blue arrows). The red arrows represent rotation about axes in the plane of the paper, and the blue arrows represent rotation about axes perpendicular to the plane of the paper (described previously as twist and tilt motions, respectively; ref. 40) . The converter rotates about the glycine pivots along these vector components as shown (1, 10) and, in addition moves about a hinge in the relay (not shown, see text and ref. 1). During this transition, the molecule passes through the internally uncoupled state, in which the SH1 helix unwinds. The converter͞lever arm orientation then becomes less constrained, and torque cannot be delivered from switch II to the converter͞lever arm module. Thus, the function of the SH1 helix can be compared with that of an automobile clutch, which can disengage the gear train and drive shaft from the motor. Based on EM studies of myosin cross-bridges bound to actin and the x-ray crystallographic nucleotide-free near-rigor structure, it appears that rotation of the 50-kDa upper subdomain (pink arrow) on strong binding to actin closes the front of the cleft and triggers both the power stroke and product release (see text). A related two-dimensional mechanical model of the myosin motor has been published (41), but revisions are needed to agree with recent experimental findings. (Lower Inset) The SH1 helix flanked by the glycine pivots.
converter and the rest of the motor. According to this picture, the internally uncoupled state occurs during the contractile cycle as an ATP state, between the near-rigor and pre-power stroke conformations.
To consider the possible effects of strong binding of myosin to actin on the mechanics of the motor, we must rely on low-resolution (EM) data, because crystal structures of such states are not yet available. The results (ref. 22 , see also www.mpimf-heidelberg.mpg.de͞ϳholmes͞muscle͞weakstrong. html) suggest that strong actin binding is accompanied by a rotation of the 50-kDa upper subdomain that closes the actinbinding portion of the cleft and simultaneously opens the ''front door,'' facilitating release of MgADP (Fig. 5) . It is likely that this rotation triggers the power stroke by breaking a critical salt bridge and several hydrogen bonds between switches I and II that stabilize the pre-power stroke conformation (12) . As a result, switch II would change from a bent to an extended conformation similar to that found in the near-rigor crystal structures, producing a relatively small rotation of the 50-kDa lower subdomain and a larger rotation of the converter͞lever arm module in the power stroke. Although the 50-kDa upper subdomain closes the actin-binding side of the cleft, the conformational change of switch II would open the base of the cleft (near the nucleotidebinding pocket) and provide a ''back door'' for phosphate release. Moreover, the new orientation of the 50-kDa upper subdomain would constrain the 50-kDa lower subdomain after the power stroke and thus stabilize relay interactions with the SH1 helix (the same interactions that we characterized above as transient stabilizing contacts in the near-rigor nucleotide-free crystal structure). These interactions would prevent the SH1 helix from unwinding immediately after the power stroke. In terms of the automobile analogy, strong myosin binding to actin is the spark plug charge that triggers the switch II piston motion; this interaction may also lock the SH1 clutch to prevent uncoupling of the converter͞lever arm module from the rest of the motor immediately after the power stroke. Unlike the automobile engine, however, here the chemical step (i.e., hydrolysis of ATP to form protein bound ADP⅐P i ) and the mechanical output of acto-myosin are not simultaneous; rather, on cleavage of the ATP, the energy is stored and then transduced to mechanical work on strong binding of myosin to actin (5, 33, 34) .
Coda. The significance of the internally uncoupled S1-ATP state discovered in 1999 (1) is only now becoming recognized (35) . The contractile cycle is often described by referring simply to the pre-and postpower stroke states. But, as shown in this study (see also ref. 1), the internally uncoupled state is informative about the structural basis for certain mechanical properties of the myosin motor, including the key role played by the SH1 helix. Moreover, the rich biochemical literature on myosin crosslinking can be accounted for by this state. The nucleotide-free near-rigor S1 structure indicates that the switch I loop moves between two conformations-constrained and relaxed-in the presence and absence of nucleotide. This result suggests that, in addition to coordinating the Mg 2ϩ cation during catalysis, switch I serves as one of the key sensors of the nucleotide in the binding pocket. The small changes we have detected in the conformation of switch I and the reorientation of the 50-kDa upper subdomain in the transition from the S1-MgATP near-rigor state to the nucleotide-free near-rigor state may presage the larger changes in these components expected when myosin binds strongly to actin in the true rigor state. These findings, together with results from EM studies, suggest key steps by which strong myosin binding to actin induces the power stroke. We picture that closure of the actin-binding cleft by rotation of the 50-kDa upper subdomain would break interactions between switches I and II, leading to relaxation of switch I and the piston-like motion of switch II.
